1. Introduction {#sec1-ijerph-14-01394}
===============

An individual's healthy food environment encompasses more than just physical access to fruits, vegetables, and other nutritious foods. Economic access and the affordability of healthy foods in the neighborhood is also a key component of one's food environment. The price of food---in addition to taste, nutrition, convenience, and other factors---affects the purchasing choices of individuals who must navigate environments with numerous choices and saturated by advertising \[[@B1-ijerph-14-01394],[@B2-ijerph-14-01394],[@B3-ijerph-14-01394],[@B4-ijerph-14-01394]\]. Healthier foods have been found to be more expensive than less healthy foods, when measured per calorie \[[@B5-ijerph-14-01394],[@B6-ijerph-14-01394]\] or per serving \[[@B7-ijerph-14-01394],[@B8-ijerph-14-01394],[@B9-ijerph-14-01394],[@B10-ijerph-14-01394]\] but not by weight \[[@B7-ijerph-14-01394]\]. For this reason, low cost diets are associated with higher calorie intake at the expense of fewer nutrients \[[@B6-ijerph-14-01394]\], while healthier diets tend to be more expensive \[[@B11-ijerph-14-01394],[@B12-ijerph-14-01394],[@B13-ijerph-14-01394],[@B14-ijerph-14-01394]\]. Additionally, the price of food has been found to be associated with blood cholesterol levels \[[@B15-ijerph-14-01394]\], blood glucose levels \[[@B16-ijerph-14-01394]\], and obesity \[[@B17-ijerph-14-01394]\]. While prior work has shown that higher quality diets cost more than poorer quality diets, there is little evidence examining the association between local food prices across multiple regions and overall diet quality.

A healthy diet, as measured by the Healthy Eating Index (HEI, an energy-adjusted score), is inversely associated with obesity \[[@B18-ijerph-14-01394]\], waist circumference \[[@B19-ijerph-14-01394]\], diabetes \[[@B20-ijerph-14-01394]\], cardiovascular disease \[[@B20-ijerph-14-01394],[@B21-ijerph-14-01394]\], stroke \[[@B20-ijerph-14-01394]\], cancer \[[@B22-ijerph-14-01394],[@B23-ijerph-14-01394]\], and mortality \[[@B24-ijerph-14-01394],[@B25-ijerph-14-01394],[@B26-ijerph-14-01394],[@B27-ijerph-14-01394]\]. The average consumer's diet falls well short of the U.S. Department of Agriculture and U.S. Department of Health and Human Services recommendations \[[@B28-ijerph-14-01394]\]. This may be due in part to purchasing too few fresh fruits and vegetables, and instead, purchasing more affordable highly processed fats, sugars, and sweets.

Lower socioeconomic status (SES) \[[@B29-ijerph-14-01394],[@B30-ijerph-14-01394],[@B31-ijerph-14-01394]\] has been associated with decreased consumption of fruits and vegetables, and prior work has found that these SES-differences can be explained primarily by the cost of a diet \[[@B32-ijerph-14-01394],[@B33-ijerph-14-01394]\]. It is reasonable to expect that large differences in price between healthy and unhealthy foods would lead to differences in purchasing patterns and resulting diets, and that those differences would be more prominent for individuals of lower SES \[[@B17-ijerph-14-01394],[@B34-ijerph-14-01394]\]. An experimental study found that food taxation and subsidy policies have a differential effect by income level \[[@B35-ijerph-14-01394]\], while an observational study found that the association between metropolitan area food prices and diet quality was not modified by income level \[[@B36-ijerph-14-01394]\]. However, there is a lack of research examining how local neighborhood food prices may affect diet quality differently across levels of SES.

This cross-sectional study spatially linked 2765 participants from the Multi-Ethnic Study of Atherosclerosis (MESA) to nearby supermarkets to examine the association between neighborhood food price and diet quality.

2. Materials and Methods {#sec2-ijerph-14-01394}
========================

2.1. Subjects (MESA Data) {#sec2dot1-ijerph-14-01394}
-------------------------

MESA is a population-based longitudinal cohort study of ethnically diverse adults aged 45--84 years \[[@B37-ijerph-14-01394]\] with no known presence of cardiovascular disease. Individuals were recruited from six sites across the United States: Bronx/Upper Manhattan, NY; Baltimore City and Baltimore County, Maryland; Forsyth County, North Carolina; Chicago, Illinois; St. Paul, Minnesota; and Los Angeles County, California. MESA included a baseline examination (2000--2002) and four follow-up exams; 4716 respondents participated in exam 5 (2010--2012). Written informed consent was obtained from the participants, and the study was approved by institutional review boards at each site (Drexel University IRB Number: 11404002814 (Social, biologic and geographic factors in cardiovascular disease)). Ultimately, nearly all individuals from St. Paul were not included in the analysis because supermarket data was not available in that area. The handful of individuals from the St. Paul site who were included were those who had moved out of the St. Paul metropolitan area and to a neighborhood for which supermarket data was available. Individuals included in the analysis came from 954 unique census tracts (mean number of individuals per tract = 2.9).

Neighborhood food pricing was available concurrent to exam 5, thus, this study only included participants who completed exam 5, administered during April 2010 through January 2012. MESA person-level data included in this study were: diet (see details below), age, sex, race/ethnicity, smoking status, marital status, body mass index (BMI), physical activity (metabolic equivalent (MET) minutes/week), education level, and income/wealth index (combination of income level and ownership of four assets: car, home, land, and investments) (see [Table 1](#ijerph-14-01394-t001){ref-type="table"}).

2.2. Food Frequency Questionnaire (FFQ) {#sec2dot2-ijerph-14-01394}
---------------------------------------

Diet was assessed via FFQ: a modified Block-style, 128 item questionnaire. Participants were asked about their usual eating habits over the past 12 months. For each of the food items on the FFQ, respondents chose their consumption frequency (rare or never, 1 per month, 2--3 per month, 1 per week, 2 per week, 3--4 per week, 5--6 per week, 1 per day, and 2+ per day); their frequency of consumption was then weighted by a multiplier, according to their reported typical serving size (×0.5, ×1.0, and ×1.5 for small, medium, and large, respectively).

The MESA FFQ was adapted from the questionnaire designed for the Insulin Resistance and Atherosclerosis Study (IRAS) \[[@B38-ijerph-14-01394]\], and has been described elsewhere \[[@B39-ijerph-14-01394]\]. Modifications to the FFQ included additional items to reflect the multi-ethnic composition of the MESA cohort. IRAS was validated against 24 h dietary recalls \[[@B38-ijerph-14-01394]\], and the MESA diet data correlated as expected with high-density lipoprotein (HDL) cholesterol and triacylglyceride (TAG) concentrations \[[@B40-ijerph-14-01394]\], and cardiometabolic conditions \[[@B41-ijerph-14-01394],[@B42-ijerph-14-01394],[@B43-ijerph-14-01394],[@B44-ijerph-14-01394],[@B45-ijerph-14-01394]\].

Following work by others, we excluded participants whose dietary data were considered unreliable, due to reporting usual energy intake \<600 or \>6000 kcal \[[@B40-ijerph-14-01394]\].

2.3. Outcome: Healthy Eating Index-2010 (HEI) {#sec2dot3-ijerph-14-01394}
---------------------------------------------

HEI-2010 was used to assess dietary quality. The HEI reflects 2010 U.S. federal dietary guidelines, has been used to monitor and assess diet quality in the United States \[[@B46-ijerph-14-01394],[@B47-ijerph-14-01394],[@B48-ijerph-14-01394]\], and has (1) adequate content validity \[[@B48-ijerph-14-01394]\], (2) sufficient construct validity, and (3) acceptable reliability \[[@B49-ijerph-14-01394]\]. The HEI-2010 includes twelve components (whole fruit, total vegetables, sodium, etc.), each of which contribute a minimum of 0 to a maximum of 5, 10, or 20 points, resulting in a range of 0 to 100 for the total score and higher scores indicate a healthier diet \[[@B48-ijerph-14-01394]\].

Linkage of MESA food consumption with HEI food composition was done following the protocol established by the National Cancer Institute \[[@B48-ijerph-14-01394],[@B50-ijerph-14-01394]\]. Each individual's nutritional values were derived by linking the food items from the FFQ to MyPyramid Equivalents Database (MPED), multiplying by the number of servings reported in the FFQ, and then summing to obtain a value for each component in the HEI, and then calculating the HEI-2010 score.

Preliminary analyses revealed a roughly normal distribution of HEI scores. We ranked the index into quintiles and operationalized "high-quality diet" as the top quintile (\>80th percentile; score \>69.0) of all scores in the sample. The top quintile has been used to define a healthy diet in prior work \[[@B22-ijerph-14-01394],[@B26-ijerph-14-01394],[@B27-ijerph-14-01394]\], and ranking the dietary values acknowledges the low precision inherent in dietary self-reports \[[@B51-ijerph-14-01394]\].

2.4. Price Data {#sec2dot4-ijerph-14-01394}
---------------

Data on neighborhood food prices were obtained from Information Resources Inc. (IRI, Chicago, IL, USA), a market research group that monitors prices of 299 consumer packaged goods sold in large chain supermarkets and superstores across the United States \[[@B52-ijerph-14-01394],[@B53-ijerph-14-01394],[@B54-ijerph-14-01394]\]. Ultimately, data were included from 794 stores (82 chains) located in 11 states (including Washington, DC), 72 counties, and 757 census block groups. Data years were 2009--2012.

Nine food/beverage product categories were selected to serve as proxies for either healthier or unhealthier foods. Because data for fresh fruits and vegetables were not available, refrigerated products (a proxy for perishable unprepared foods) were selected under the assumption that they had similar spoilage/refrigeration and storage/distribution costs as fresh produce. In general, perishable unprepared foods tend to be healthier. Thus, healthier food was represented by two product classes: (1) dairy (refrigerated milk, yogurt, cottage cheese), and (2) fruits and vegetables (frozen vegetables, fresh orange juice). Orange juice, while not necessarily a healthy food itself, was used as a proxy for fresh oranges, due to the high correlation between the price of fresh oranges and orange juice \[[@B55-ijerph-14-01394]\]. Unhealthier food was represented by packaged, highly processed, long-shelf life products: soda, sweets (chocolate candy, cookies), and salty snacks. Products within the healthier and unhealthier domains were weighted according to national consumption averages to create a price per serving index. Further information regarding the price calculations is available in [Supplemental Table S1](#app1-ijerph-14-01394){ref-type="app"}.

Prices in the database did not include taxes and manufacturer coupons, but instead, reflected the shelf price and included store-level promotions. The primary exposure of interest was the price of healthier foods relative to unhealthier foods, which was operationalized as the ratio of the average price per serving of healthier food divided by the average price per serving of unhealthy food. To simplify the terminology, we hereafter use the following terms for food prices: "healthy", "unhealthy", and "healthy-to-unhealthy price ratio". Serving sizes were defined according to the reference amounts customarily consumed according to the FDA \[[@B56-ijerph-14-01394]\]. Price per serving was used to facilitate meaningful comparisons across different types of foods \[[@B7-ijerph-14-01394]\]. A ratio \>1.0 indicates serving of healthy food was more expensive than a serving of unhealthy food. The prices of healthy foods and unhealthy foods were also modeled separately as secondary exposures of interest. Each price exposure was converted to a z-score: a one unit increase in the z-score represented an increase of 14% in the relative price of healthy food compared with unhealthy food for the healthy-to-unhealthy ratio, and an increase of \$0.04 and \$0.03 in the average price per serving of healthy and unhealthy food prices, respectively.

The average price of brand name toilet paper in stores within three miles of each MESA participant was also calculated, and used as an instrument for unhealthy food price and the price ratio in the sensitivity analyses described in the "Statistical Methods" section.

The number of IRI supermarkets within three miles of each MESA participant's address at exam 5 was created, and referred to as the supermarket density.

2.5. Census Data {#sec2dot5-ijerph-14-01394}
----------------

U.S. Census data came from the American Community Survey 2007--2011. Geographic regions (Northeast, Midwest, South, West) and population density were assigned to each participant using 2010 Census data. A neighborhood block group SES index was created using six variables representing wealth and income---household income, housing value, investment income, education level, and managerial occupations---and was operationalized as a single continuous measure \[[@B57-ijerph-14-01394]\].

2.6. Cost of Living Data and Supermarket Density {#sec2dot6-ijerph-14-01394}
------------------------------------------------

The cost of living index 2010 was obtained from the Council for Community and Economic Research for each metropolitan area \[[@B58-ijerph-14-01394]\].

2.7. Data Linkage {#sec2dot7-ijerph-14-01394}
-----------------

Addresses of MESA participants and supermarket addresses from the pricing dataset were used to link individuals to the average food/beverage prices at supermarkets within a three-mile buffer (radius) of each MESA participant residence using ArcGIS 10.0 (Esri, Redlands, CA, USA). Median number of supermarkets per MESA participant in the analytic sample was 5 (25th--75th percentile 3--6). A three-mile radius was used for consistency with other research examining neighborhood food environments, and is in line with prior research estimating the average distance individuals travel to their primary supermarket \[[@B59-ijerph-14-01394],[@B60-ijerph-14-01394],[@B61-ijerph-14-01394],[@B62-ijerph-14-01394]\]. Sensitivity analyses using equal weights for each product category within the healthy and unhealthy domains, rather than those based on national consumption averages, using supermarkets within five miles instead of three miles, and using a one-mile buffer for those living in New York City, produced similar results, which can be found in [Supplemental Table S3](#app1-ijerph-14-01394){ref-type="app"}.

2.8. Statistical Methods {#sec2dot8-ijerph-14-01394}
------------------------

Multivariable logistic regression was used to model the relative odds of having a high-quality diet for every standard deviation increase in the healthy-to-unhealthy price ratio. Model 1 adjusted for geographic region, age (continuous), and gender. Model 2 added income/wealth index, education, race/ethnicity, and smoking status, and model 3 added neighborhood level SES and supermarket density. Other variables (marital status and physical activity) were considered as covariates in the model, but were not included, due to a lack of association with the outcome.

We tested the interaction of price with education level and income/wealth tertile by including appropriate interaction terms (separate models examining education and income/wealth) and conducting stratified analyses by tertile of income/wealth (low, medium, and high) and education level (high school degree or less, some college, or bachelor's degree or more). Our hypothesis was that the association between price and diet would be stronger for lower levels of SES.

Sensitivity analyses used an instrumental variable approach to remove potential unmeasured confounders that would affect food prices and diet, such as the local food culture and the types of foods typically available in the neighborhood. The use of instrumental variables (IV) has been increasing in epidemiologic research as a means to estimate causal effects \[[@B63-ijerph-14-01394],[@B64-ijerph-14-01394],[@B65-ijerph-14-01394]\]. Toilet paper price was chosen as the instrument for the price of unhealthy foods, and in turn, the healthy-to-unhealthy price ratio, because it (1) has a strong association with food prices in the same stores (particularly unhealthy long-shelf life foods), (2) has no anticipated causal association with participants' diet quality, other than through its correlation with food price, and (3) is in principle not associated with unmeasured confounders mentioned above. These characteristics satisfied the three major assumptions of an instrument: (1) it is strongly associated with the exposure, (2) any effect on the outcome is fully mediated by the exposure, and (3) it shares no unmeasured common causes with the outcome \[[@B66-ijerph-14-01394]\].

A two-stage residual inclusion (2SRI) analysis was used to perform the instrumental variable analysis. A 2SRI model was used because it is statistically consistent in non-linear models, such as the logit model used in this study, while the two-stage predictor substitution model commonly used in linear models is not \[[@B67-ijerph-14-01394]\]. In the first stage, linear regression was used to regress the price ratio on toilet paper price and covariates (age, gender, region, income/wealth index, education, race, smoking status, neighborhood SES, supermarket density, population density, and cost of living). The residuals from the stage 1 regression were then included as a covariate in the second stage. The second stage model used a logit model to regress the indicator for a high-quality diet on the price ratio (the main exposure of interest), the residuals obtained from stage 1, and all covariates used in stage 1. Bootstrapping of 10,000 samples was used to calculate 95% credible intervals for the stage 2 estimates.

An additional sensitivity analysis used hierarchical modeling to account for potential clustering within the same census tract. Results were identical to those without clustering, and thus, are not shown.

3. Results {#sec3-ijerph-14-01394}
==========

Among 4716 MESA participants who contributed data to exam 5, 1047 were excluded, due to not having dietary data (see FFQ section in Methods for more details on diet data). Further exclusions were as follows: 835, due to not being within three miles of a supermarket in our dataset (of which 674 were from the St. Paul MESA site where supermarket data were unavailable) and 69 who did not have full covariate data. The final analytic sample was 2765. Sample characteristics for included vs. excluded are shown in [Supplemental Table S2](#app1-ijerph-14-01394){ref-type="app"}. On average, the excluded sample was similar to those who were included on most characteristics. There were differences in regional and racial characteristics, largely due to the exclusion of those living in the St. Paul area, and small differences in education levels, as a smaller proportion of college graduates were in the excluded sample.

Demographics and other characteristics of the MESA participants are reported in [Table 1](#ijerph-14-01394-t001){ref-type="table"}. Overall, the serving price of healthy food was nearly twice as expensive as unhealthy food (mean ± SD of healthy-to-unhealthy price ratio = 1.97 ± 0.14, and on an absolute scale: \$0.60 ± \$0.04 vs. \$0.31 ± \$0.03 per serving for healthy and unhealthy food, respectively, [Table 2](#ijerph-14-01394-t002){ref-type="table"}). While the ratio was analyzed as a continuous z-score in all analytic models, the tertiles of healthy-to-unhealthy price ratio are used in the table for descriptive purposes. Large differences across the tertiles was only apparent for region (highest ratio in west and lowest in south) and for race/ethnicity (Chinese resided in highest ratio areas and Black in lowest ratio areas, [Table 1](#ijerph-14-01394-t001){ref-type="table"}). Prior to adjusting for covariates, the proportion of individuals with a high-quality diet was 24%, for those with the highest healthy-to-unhealthy ratio, compared with 18% of other individuals ([Table 2](#ijerph-14-01394-t002){ref-type="table"}).

3.1. Primary Analysis {#sec3dot1-ijerph-14-01394}
---------------------

[Table 3](#ijerph-14-01394-t003){ref-type="table"} displays sequential adjustment for covariates in each of the three models. Results of the final model indicate an inverse association between the healthy-to-unhealthy ratio and high-quality diet. That is, for every one standard deviation increase (14% higher) in the price of healthy food to unhealthy food, the odds of having a high-quality diet decreased by 24% (OR = 0.76, 95% CI = 0.64 to 0.91). No association was found between healthy food price alone with diet (OR = 1.04), while a higher price (per standard deviation increase, approximately \$0.03) of unhealthy food was associated with increased odds of having a high-quality diet (OR = 1.16, 95% CI = 1.02 to 1.33).

Healthy and unhealthy prices were highly correlated (Pearson's r = 0.63) and caution is recommended when interpreting correlated estimates from the same model. Nevertheless, we performed an exploratory analysis, where healthy and unhealthy prices were included in the same model. Results suggested that the price estimates became stronger and the confidence interval became wider, though inference was unchanged. Controlling for healthy food price, the OR for unhealthy food price was 1.35 (95% CI: 1.10 to 1.66); controlling for unhealthy food price, the OR for healthy food price was 0.79 (95% CI: 0.62 to 1.02) (not shown in tables).

There was a statistically significant interaction between individual income/wealth and the price ratio on diet, while adjusting for all covariates included in the final model (*p* for interaction 0.001, [Table 4](#ijerph-14-01394-t004){ref-type="table"}). All stratified point estimates were in the expected direction, but the gradient was somewhat unexpected: the strongest and only statistically significant point estimate was in the middle income/wealth tertile (OR = 0.61). The next largest association was found within the lowest income/wealth tertile (OR = 0.79), while those in the highest tertile had the weakest association (OR = 0.87), as expected. The interaction was not statistically significant between education and the price ratio (*p* for interaction 0.095), nevertheless, stratified estimates showed the weakest association in least educated and the strongest in most educated (OR 0.85 for high school or less, and OR 0.77 for Bachelor's or more), counter to expectations.

3.2. Instrumental Variable Analyses {#sec3dot2-ijerph-14-01394}
-----------------------------------

Results of the 2SRI IV analysis are shown in [Table 5](#ijerph-14-01394-t005){ref-type="table"}. In stage 1, the instrument, toilet paper price, was positively associated with unhealthy food price (Spearman's correlation coefficient, r = 0.56) and negatively associated with the healthy-to-unhealthy price ratio (r = −0.41). As expected, the correlation was higher with unhealthy food prices (r = 0.56) than with healthy food prices (r = 0.29). The F-statistic was 1113, and guidelines specify the minimum value should be 10 \[[@B68-ijerph-14-01394]\]. In stage 2, the association between healthy-to-unhealthy price ratio and high-quality diet was similar in magnitude to the results obtained in the primary analysis; however, the result was not statistically significant (OR = 0.82, 95% bootstrapped CI = 0.57 to 1.19).

4. Discussion {#sec4-ijerph-14-01394}
=============

Higher prices of healthy foods relative to unhealthy foods were found to be associated with lower odds of having a high-quality diet: per 14% higher ratio of healthy food to unhealthy food, there were 24% lower odds of having a high-quality diet. Despite healthy foods costing more per serving than unhealthy foods, there was no association between diet and prices of healthy foods alone, but there was a positive association with unhealthy food price alone (per \$0.03 higher unhealthy food price per serving there was a 16% higher odds of having a healthy diet). To our knowledge, no prior study examining healthy and unhealthy food prices has linked neighborhood food prices (rather than aggregate level prices) to a cohort of individuals throughout the United States to examine the association with diet.

Consumers report that price is a main driver in food purchase decision making \[[@B1-ijerph-14-01394],[@B51-ijerph-14-01394]\], and our study illustrates how this may impact diet. While much work has been done to improve the quality of diets by understanding and improving the lack of physical access to supermarkets in food deserts \[[@B69-ijerph-14-01394]\], additional paths should be considered. Improving the affordability of healthy foods relative to their unhealthy substitutes may be an effective option. Examples of options proposed for improving the relative affordability of healthy foods include taxation of unhealthy foods, subsidizing healthy food, and combinations of these practices. One study suggests taxing unhealthy foods has the benefit of raising revenue, and could be an effective strategy to influence dietary changes \[[@B70-ijerph-14-01394]\]. Another study suggests that subsidizing healthy food has the benefit of directly making healthy food more affordable, and appears to increase the consumption of those foods, though with a smaller effect as the unhealthy food taxes \[[@B71-ijerph-14-01394]\], and may require government funding. It has been suggested that combining strategies to influence consumption patterns would be much more effective than any single method alone \[[@B70-ijerph-14-01394],[@B72-ijerph-14-01394]\] and may satisfy consumers generally opposed to "sin" taxes, by providing them simultaneous savings on their grocery bill due to cheaper healthy foods \[[@B73-ijerph-14-01394]\].

We expected differences in the price exposure to have a stronger association within those of lower SES; however, our results suggested it was instead those in the middle range of the income/wealth index, and those with the highest level of education for which there was a stronger association. Our results are consistent with findings from a recent study which found food price policies had much larger impacts in middle-income individuals, compared with those of low-income \[[@B35-ijerph-14-01394]\]. If true, this phenomenon may be explained by the following: healthy food may still be too expensive for the lowest SES group, even at its most affordable, as the lowest observed healthy-to-unhealthy price ratio for any individual was 1.55. Given that low-income families need to devote approximately half of their food budget to meet the dietary guidelines for fruit and vegetable intake \[[@B74-ijerph-14-01394]\], the relative price of healthy food may have to be much lower, and the least healthy food much higher than what was observed in this study. It is also possible that those with the lowest levels of income/wealth may be receiving food assistance (food stamps/supplementary nutrition assistance), which may slightly reduce their price sensitivity.

Sensitivity to unmeasured confounding---using instrumental variable analyses---confirmed odd ratios found in the main analyses. The IV analysis adds some face validity to the standard regression results; however, as with all models, IV methods have assumptions \[[@B66-ijerph-14-01394]\], some of which are not verifiable---notably the third assumption prohibiting any association between the IV and unmeasured cofounders \[[@B65-ijerph-14-01394]\]. Confidence intervals from the IV analysis were wider than those obtained from the primary analysis. Wider confidence intervals are to be expected due to the two stage structure of the IV models, which only uses part of the variance in the second stage, and because the prediction of the price ratio by the IV was imperfect \[[@B66-ijerph-14-01394]\].

Limitations
-----------

While the validity of the FFQ used in this study has been documented \[[@B38-ijerph-14-01394],[@B40-ijerph-14-01394]\] the limitations to FFQ are well-known \[[@B75-ijerph-14-01394]\]. The FFQ contained an a priori food list that may miss foods consumed by a diverse population; however, a strength of the MESA FFQ was that it included many foods that reflect the diversity of the multi-ethnic population. By defining a high-quality diet relative to the population (top quintile), we attempted to address some of its limitations regarding underreporting. Selection bias may have been introduced, by limiting analyses to individuals living within three miles of a supermarket. However, an examination of the characteristics of those included and excluded found few differences with the exception of region and race/ethnicity, which was due to the excluded being largely concentrated in a single recruitment site where supermarket data were unavailable.

It is also unknown whether individuals shopped for food at the stores within three miles of their residences; however, it is in-line with prior research examining the average distance individuals travel to their primary supermarkets \[[@B59-ijerph-14-01394],[@B60-ijerph-14-01394],[@B61-ijerph-14-01394],[@B62-ijerph-14-01394]\]. We did not have information on the work location of individuals or data on their shopping habits---such as using a supermarket on their route home from work, which may not be located proximal to either their work or home.

Other measurements of food price may have been considered for this analysis, including the price per unit of weight, or price per calorie \[[@B6-ijerph-14-01394],[@B76-ijerph-14-01394]\]; however, we chose the price per serving, as it is a unit of analysis that can be compared across all product types, may be most meaningful to consumers, and has been used previously in similar research \[[@B7-ijerph-14-01394],[@B8-ijerph-14-01394],[@B9-ijerph-14-01394]\].

There are limitations to the products included in the price measures. Since data for fresh fruits and vegetables were not available, refrigerated products were selected to roughly approximate costs of fresh fruit and vegetable spoilage and storage/distribution, and proxy fresh produce. Healthy food was represented by dairy (refrigerated milk, yogurt, cottage cheese), fruits and vegetables (fresh orange juice and frozen vegetables). It is unknown how the results would have changed if we had access to data on fresh fruits and vegetables. However, it is plausible that our results would be roughly similar if fresh fruit and vegetables were used because (1) the price of fresh oranges correlates well with the price of refrigerated fresh orange juice \[[@B55-ijerph-14-01394]\], and (2) the price of frozen vegetables was only one component of our healthy food measurement. Nevertheless---among frozen vegetables commonly purchased---one report found average frozen vegetable prices were similar or somewhat cheaper than fresh. For example, prices of frozen vegetable per edible cup were nearly identical (broccoli), frozen much cheaper (spinach, corn), frozen slightly cheaper (cauliflower), and frozen slightly more expensive (carrots) \[[@B9-ijerph-14-01394]\]. Furthermore, data on other healthy foods, such as whole grains and legumes, were not available. Data were limited to branded products in order to compare the same products across the country. Finally, this study was cross-sectional, and thus, causality between food prices and diet cannot be inferred. While the evidence presented in this paper suggests an association, more evidence---specifically from prospective studies---is needed to fully understand how food prices influence purchasing decisions and subsequent diet quality.

5. Conclusions {#sec5-ijerph-14-01394}
==============

With a large proportion of the U.S. population failing to achieve a healthy diet, it is important to understand the root causes. This study suggests that the larger differences in price between healthy and unhealthy food may play a role. If this is true, interventions may be considered to improve the affordability of healthy foods relative to unhealthy alternatives.
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###### 

Characteristics of the individuals included in the analysis by tertiles of healthy-to-unhealthy food price ratio (*n* = 2642).

  Characteristic                                       All Participants   Lowest Ratio, Smallest Differential   Middle Ratio   Highest Ratio, Largest Differential                         
  ---------------------------------------------------- ------------------ ------------------------------------- -------------- ------------------------------------- ------ ------- ------ -------
  **Number of participants** (*n*)                     2765                                                     938                                                  903            924    
  **MESA recruitment site** (*n*, %) **^a^**                                                                                                                                               
  Forsyth County, NC                                   539                19.5%                                 239            25.5%                                 299    33.1%   1      0.1%
  New York, NY                                         538                19.5%                                 262            27.9%                                 226    25.0%   50     5.4%
  Baltimore, MD                                        464                16.8%                                 339            36.1%                                 122    13.5%   3      0.3%
  St. Paul, MN                                         8                  0.3%                                  6              0.6%                                  0      0.0%    2      0.2%
  Chicago, IL                                          651                23.5%                                 89             9.5%                                  221    24.5%   341    36.9%
  Los Angeles, CA                                      565                20.4%                                 3              0.3%                                  35     3.9%    527    57.0%
  **Region of residence** (*n*, %)                                                                                                                                                         
  Northeast                                            534                19.3%                                 259            27.6%                                 226    25.0%   49     5.3%
  Midwest                                              642                23.2%                                 85             9.1%                                  220    24.4%   337    36.5%
  South                                                1021               36.9%                                 593            63.2%                                 421    46.6%   7      0.8%
  West                                                 568                20.5%                                 1              0.1%                                  36     4.0%    531    57.5%
  **Supermarket density** (3 mile) (mean, SD)          1.19               1.42                                  1.51           1.88                                  1.22   1.3     0.84   0.74
  **Female** (*n*, %)                                  1466               53.0%                                 483            51.5%                                 502    55.6%   481    52.1%
  **Age** (mean, SD)                                   70.3               9.5                                   70.6           9.1                                   70.3   9.3     69.9   9.9
  **Race/ethnicity** (*n*, %)                                                                                                                                                              
  White                                                1101               39.8%                                 422            45.0%                                 485    53.7%   194    21.0%
  Chinese American                                     359                13.0%                                 10             1.1%                                  56     6.2%    293    31.7%
  Black                                                834                30.2%                                 413            44.0%                                 231    25.6%   190    20.6%
  Hispanic                                             471                17.0%                                 93             9.9%                                  131    14.5%   247    26.7%
  **Education** (*n*, %)                                                                                                                                                                   
  High school diploma or less                          777                28.1%                                 231            24.6%                                 251    27.8%   295    31.9%
  Some college                                         761                27.5%                                 259            27.6%                                 233    25.8%   269    29.1%
  Bachelor's degree or more                            1227               44.4%                                 448            47.8%                                 419    46.4%   360    39.0%
  **Income**                                                                                                                                                                               
  Per capita household income (in \$10k) (mean, SD)    2.6                1.9                                   2.8            1.8                                   2.8    1.9     2.3    1.8
  Wealth index                                         2.6                1.2                                   2.6            1.2                                   2.6    1.2     2.5    1.2
  Income/wealth index                                  5.1                2.2                                   5.3            2.1                                   5.2    2.2     4.9    2.3
  **Marital status** (*n*, %)                                                                                                                                                              
  Not married or living with partner                   1107               40.0%                                 419            44.7%                                 364    40.3%   324    35.1%
  Married/Living w. partner                            1658               60.0%                                 519            55.3%                                 539    59.7%   600    64.9%
  **Body mass index** (mean, SD)                       28.2               5.6                                   28.9           5.5                                   28.4   5.9     27.2   5.2
  \<25 (*n*, %)                                        855                30.9%                                 236            25.2%                                 268    29.7%   351    38.0%
  25--29.9 (*n*, %)                                    1043               37.7%                                 347            37.0%                                 341    37.8%   355    38.4%
  ≥30 (*n*, %)                                         867                31.4%                                 355            37.8%                                 294    32.6%   218    23.6%
  **Smoking status** (*n*, %)                                                                                                                                                              
  Never smoked                                         1281               46.3%                                 366            39.0%                                 412    45.6%   503    54.4%
  Former smoker                                        1283               46.4%                                 487            51.9%                                 433    48.0%   363    39.3%
  Current smoker                                       201                7.3%                                  85             9.1%                                  58     6.4%    58     6.3%
  **Physical activity, MET min per week** (mean, SD)   2774               3552                                  3239           4237                                  2765   3441    2310   2749

**^a^** This is the MESA location of the participant, not necessarily their area of residence.
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###### 

Proportion of participants with a high-quality diet by tertile of the healthy-to-unhealthy price ratio and the average serving price of healthy and unhealthy foods (*n* = 2765).

  Variable                                                         All Participants   Lowest Ratio (1.55--1.88)   Middle Ratio (1.88--2.01)   Highest Ratio (2.01--2.39)                                                                              
  ---------------------------------------------------------------- ------------------ --------------------------- --------------------------- ---------------------------- ------------ -------- -------- ------------ -------- -------- ------------ --------
  **Number of participants** (*n*)                                 2765                                                                       938                                                903                            924                   
  **Number with high-quality diet** (*n*, %)                       545                19.7%                                                   165                          17.6%                 161      17.8%                 219      23.7%        
  **Average food prices per serving**                                                                                                                                                                                                                 
  Healthy food price per serving **^a^** (mean \[SD\], median)     \$0.60             \[\$0.04\]                  \$0.60                      \$0.61                       \[\$0.06\]   \$0.57   \$0.59   \[\$0.03\]   \$0.58   \$0.62   \[\$0.03\]   \$0.62
  Unhealthy food price per serving **^b^** (mean \[SD\], median)   \$0.31             \[\$0.03\]                  \$0.30                      \$0.33                       \[\$0.04\]   \$0.31   \$0.30   \[\$0.01\]   \$0.30   \$0.29   \[\$0.01\]   \$0.29
  Ratio of healthy-to-unhealthy (mean \[SD\], median)              1.97               \[0.14\]                    1.93                        1.83                         \[0.05\]     1.85     1.95     \[0.05\]     1.93     2.14     \[0.09\]     2.13

**^a^** Healthy foods were represented by frozen vegetables, orange juice, and dairy (milk, yogurt, and cottage cheese); **^b^** Unhealthy foods were represented by soda, salty snacks (chips, pretzels, onion rings), and sweets (chocolate candy and cookies).
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###### 

Odds ratios of having a high-quality diet associated with the price ratio, and with the prices of healthy foods and unhealthy foods after sequential adjustment for confounders within the full population (*n* = 2765).

  Model Covariates                                                                              Exposure of Interest                                                                             
  --------------------------------------------------------------------------------------------- ---------------------- ------ ------ -------- ------ ------ ------ -------- ------ ------ ------ --------
  **Full sample** (*n* = 2765)                                                                                                                                                                   
  **Model 1**: region, age, gender                                                              0.97                   0.83   1.13   0.6978   0.98   0.88   1.10   0.7655   1.00   0.91   1.10   0.9639
  **Model 2**: Model 1 plus income/wealth, education level, smoking status, and race            0.86                   0.73   1.01   0.0571   0.97   0.86   1.09   0.5709   1.03   0.93   1.13   0.6045
  **Final Model**: Model 2 plus neighborhood SES **^a^** and neighborhood supermarket density   0.76                   0.64   0.91   0.0027   1.04   0.88   1.22   0.6371   1.16   1.02   1.33   0.0267

**^a^** Neighborhood SES was derived from log of the median household income; log of the median value of housing units; the percentage of households receiving interest, dividend, or net rental income; the percentage of adults 25 years of age or older who had completed high school; the percentage of adults 25 years of age or older who had completed college; and the percentage of employed persons 16 years of age or older in executive, managerial, or professional specialty occupations.
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###### 

Odds ratios of having a high-quality diet associated with the price ratio, and with the prices of healthy foods and unhealthy foods, stratified by wealth/income and by education (*n* = 2765).

  Socioeconomic Status Measure                   Exposure of Interest                                                                      
  --------------------------------------- ------ ---------------------- ------ -------- ------ ------ ------ -------- ------ ------ ------ --------
  **Wealth/income tertile ^a^**                                                                                                            
  Lowest (1--4), *n* = 956                0.79   0.58                   1.06   0.1149   0.99   0.76   1.28   0.9200   1.16   0.90   1.49   0.2654
  Middle (5--6), *n* = 793                0.61   0.43                   0.87   0.0067   1.13   0.81   1.57   0.4746   1.32   1.02   1.70   0.0365
  Highest (7--8), *n* = 893               0.87   0.64                   1.18   0.3621   1.11   0.83   1.49   0.4846   1.10   0.89   1.36   0.3825
  **Education level ^b^**                                                                                                                  
  HS degree or less, *n* = 777            0.85   0.58                   1.24   0.3897   0.79   0.58   1.09   0.1513   0.90   0.65   1.25   0.5354
  Some college, *n* = 761                 0.81   0.57                   1.16   0.2552   1.11   0.78   1.59   0.5586   1.20   0.89   1.62   0.2339
  Bachelor's degree or more, *n* = 1227   0.77   0.59                   0.99   0.0412   1.15   0.91   1.47   0.2512   1.18   0.99   1.41   0.0621

**^a^** *p* value for interaction between wealth/income and the price ratio *p* = 0.0012; healthy price *p* = 0.4047; unhealthy price *p* = 0.0053; **^b^** *p* value for interaction between education level and the price ratio *p* = 0.0949; healthy price *p* = 0.4415; unhealthy price *p* = 0.2111.
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###### 

Instrumental variable analysis results using toilet paper as the instrument and two-stage residual inclusion models for the healthy-to-unhealthy price ratio, healthy food price, and unhealthy food price (*n* = 2765) **^a^**.

  Price Outcome                      *n*    *n* Events   Stage 1   Stage 2                 
  ---------------------------------- ------ ------------ --------- --------- ------ ------ ------
  Healthy-to-unhealthy price ratio   2765   543          -33.36    1113      0.82   0.57   1.19
  Healthy food price                 2765   543          59.86     3583      1.15   0.91   1.45
  Unhealthy food price               2765   543          98.59     9720      1.10   0.93   1.30

**^a^** Covariates in each stage included age, gender, geographic region, wealth/income index, race, smoking status, neighborhood SES, supermarket density, population density, and cost of living index; **^b^** Confidence limits were obtained from a bootstrapped analysis using 10,000 replications.
